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Received 8 August 2013; accepted 26 August 2013AbstractIn this study, the effect of rotating gas bubble stirring treatment on the microstructures of semi-solid AZ91-2Ca alloy was investigated. The
semi-solid slurry was produced by injecting fine gas bubbles into the melt through a rotating steel diffuser during solidification, and the samples
of semi-solid slurry were taken by the rapid quenching method. The results show that fine and spherical a-Mg particles can be obtained under
rotating gas bubble stirring treatment. The process parameters such as gas flow rate, cooling rate and rotation speed have significant influence on
the morphology of primary solid particles. After rotating gas bubble stirring treatment, the higher the particle density, the finer and rounder the
primary a-Mg particles. The formation of numerous solid particles is due to the combination mechanisms of copious nucleation and dendrite
fragmentation.
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Semi-solid forming technology was first proposed by
Flemings et al. in the 1970s [1], who prepared semi-solid
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such as mechanical stirring, electromagnetic stirring, ultra-
sonic vibrations, and strain induced melt activation [2e7]. But
many of them may have defects such as high cost, complexity,
inhomogeneous or impure slurry. Therefore, novel slurry
making method and corresponding equipment are still needed
to be developed in order to reduce the production cost,
simplify the process and get high quality semi-solid slurry.
Gas bubble refinement method was first investigated by J.
Wannasin et al. in 2006 [8]. The authors proved that it was
feasible for this method to refine the primary grains and pre-
pare semi-solid slurry. The characterization of the micro-
structure evolution during the early stages has also been
studied, which can be used to optimize the process and to
study the mechanism of the technique [9]. However, the pre-
vious graphite agitator could not rotate and only a weak
convection could be induced in the melt. So the gas affected
area was small, and the slurry was inhomogeneous. In thisAlloys of China, Chongqing University. Production and
Fig. 1. Schematic of the rotating gas bubble stirring device.
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influence of the processing parameters on the quality of semi-
solid slurry is studied.
Previous studies mainly focused on the application of gas
bubble stirring method on aluminum alloys. The literature
available for the research on gas bubble stirring method
applied to magnesium alloys semi-solid slurry remain quite
scarce to date. In the present work, AZ91 was selected as the
experimental material, which is the most commonly used
magnesium alloy for its combination of good castability and
mechanical strength. Meanwhile, considering the oxidation of
magnesium alloy during the rotating gas bubble stirring pro-
cess, ignition-proof element Ca was added in the tested AZ91
alloy [10], and the effect of rotating gas bubble stirring
treatment on the microstructures of semi-solid AZ91-2Ca
alloy was studied systemically.
2. Experimental
The commercial AZ91D alloy ingots were melted in an
electrical resistance furnace using a mild steel crucible under
the protection of mixed gas of CO2 þ SF6. Ca was added and
melted at about 740 C. After holding for 30 min, the melt
temperature was lowered to 680 C. When the melt tempera-
ture was stabilized at 680 C, the crucible with melt was
transferred to another furnace for rotating gas bubble stirring
treatment. This furnace was pre-heated to different tempera-
tures in order to get different cooling rates.
The schematic of rotating gas bubble stirring device used in
the study was shown in Fig. 1.
In each experiment, the gas bubble stirring device was pre-
heated and as soon as the melt temperature decreased to
660 C, the device was lowered into the melt. At the same
time, the argon gas was imported and electric motor was
started. When the temperature reached 590 C, the device was
removed. After being stirred under different processing con-
ditions, some slurry was extracted out at 590 C by a steel tube
with an inner diameter of 10 mm and quenched in water
immediately.
Specimens for the metallographic examination were cut
from the quenched rods, then polished and etched by 4%
(volume fraction) nitric acid ethanol solution. The micro-
structures were examined using an optical microscope and
micrographs of the samples were analyzed by quantitative
metallographic analysis software, including the solid volume
fraction, the average size and shape factor of solid particles.
The solid volume fraction was calculated by the ratio of all
particles area in the total area of the photomicrograph. For the
shape of solid particle is irregular, the average diameter
measured in one particle was defined as the size of that par-
ticle. The shape factor (SF) was defined as SF ¼ 4pA/P2,
where A and P are the area and the perimeter of the primary
particles, respectively. SF varies from 0 to 1, and when the
value of SF is close to 1, the sectional shape of the particle
approaches a circle. More than 500 particles in each sample
were measured in order to obtain the average size and shape
factor of solid particles.3. Results3.1. Effect of rotating gas bubble stirring treatment on
the microstructures of the semi-solid slurryFig. 2 shows the microstructures of semi-solid slurry
quenched at 590 C without and with rotating gas bubble
stirring. As seen from Fig. 2, the microstructure of the alloy in
semi-solid state consists of primary a-Mg particles which
distribute in the liquid matrix. The liquid matrix forms due to
the solidification of the remaining liquid in the semi-solid
slurry during water quenching. Without rotating gas bubble
stirring treatment (see Fig. 2(a)), the a-Mg particles in the
slurry show a coarse dendrite shape. However, after rotating
gas bubble stirring treatment from 630 C to 590 C (see
Fig. 2(b)), the primary a-Mg particles become fine, spherical
and uniformly dispersed in the matrix. This indicates that
rotating gas bubble stirring has an important influence on the
formation of spherical solid particles.
Two mechanisms are often proposed by researchers to
explain the formation of well spheroidized primary particles:
copious nucleation [11] and dendrite fragmentation [12,13].
Copious nucleation mechanism proposes that globular grains
form directly through direct nucleation and growth. Dendrite
fragmentation mechanism proposes that high density of solid
grains is created from detached secondary or tertiary arms due
to solute enrichment and thermo-solutal convection near the
dendrite root. In this study, the formation of spherical primary
particles treated by rotating gas bubble stirring is attributed to
the combination of the two mechanisms, which will be dis-
cussed below.3.2. Effect of rotating gas bubble stirring process
parameters on the microstructures of the semi-solid
slurryThe ideal semi-solid slurry for rheological forming pos-
sesses fine and globular solid particles uniformly distributed in
Fig. 2. Comparison of microstructures of AZ91-2Ca semi-solid slurry: (a) quenched at 590 C without rotating gas bubble stirring; (b) quenched at 590 C with
rotating gas bubble stirring from 630 C to 590 C.
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rounder the particles are, the better the rheology of the
semisolid slurry is [15]. It is clear that the size and
morphology of primary a-Mg particles are influenced signif-
icantly by the processing parameters of rotating gas bubble
stirring method.
3.2.1. Effect of gas flow rate on the microstructures of the
semi-solid slurry
Fig. 3 shows the quenched microstructures of semi-solid
slurry treated by gas bubble stirring at different gas flow rate
without stirring. As seen, the morphology of primary a-Mg
consists of a mixture of rosette-like and globular-like particles.
With the increase of gas flow rate, the number of well
spheroidized solid particles increases. Meanwhile, primary a-
Mg phase becomes finer and distributes more uniformly in the
matrix. The influence of gas flow rate on the solid volumeFig. 3. Microstructures of semi-solid slurry treated by gas bubble stirring at difffraction, average particle size and average shape factor of solid
particles is illustrated in Fig. 4. When gas flow rate increases
from 2 L/min to 8 L/min, the solid volume fraction increases
from 28% to 38%, average particle size reduces from 81 mm to
60 mm and the average shape factor increases from 0.47 to
0.57, which means that the higher the gas glow rate, the finer
and rounder primary solid particles.
3.2.2. Effect of cooling rate on the microstructures of the
semi-solid slurry
In the study, the semi-solid AZ91-2Ca slurry was produced
by rotating gas bubble stirring during solidification from the
temperature above liquidus to a certain temperature between
liquidus and solidus. So the cooling rate is an important
parameter during the gas bubble stirring treatment. Fig. 5
shows the quenched microstructures of the semi-solid slurry
treated under different cooling rates (0.122, 0.245 anderent gas flow rate without stirring: (a) 2 L/min; (b) 5 L/min; (c) 8 L/min.
Fig. 4. Influence of gas flow rate on the (a) solid volume fraction, (b) average particle size and average shape factor of solid particles.
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0.320 C/s, the morphology of solid particles gives priority to
rosette-like and small amount of dendrites exist. Meanwhile,
primary solid particles are inclined to agglomerate together.
As schematically plotted in Fig. 6, increasing cooling rate
reduces both average particle size and average shape factor of
solid particles. When the cooling rate increases from 0.122 C/
s to 0.320 C/s, the average particle size decreases from 77 mm
to 60 mm and the average shape factor decreases from 0.51 to
0.27, which indicates that a temperate cooling rate is helpful
for the refinement and spheroidization of primary solid
particles.
3.2.3. Effect of rotation speed on the microstructures of the
semi-solid slurry
Rotation speed is another key process factor on micro-
structure evolution. The slurry maker was operated at the gasFig. 5. Quenched microstructures of the semi-solid slurry treated by gas bubble stirr
(c) 0.320 C/s.flow rate of 5 L/min and under the same cooling condition.
The rotation speed varied between 0 and 150 r/min. As seen
in Fig. 7, when the rotation speed reaches 150 r/min, the
morphology of primary a-Mg phase is dominated by a fine
and globular-like structure. Compared with gas bubble stir-
ring alone (see Fig. 7(a)), semi-solid slurry with more ho-
mogeneous micrographs could be obtained under the
rotating gas bubble stirring treatment. The influence of
rotation speed on the average particle size and average shape
factor of solid particles is shown in Fig. 8. As the rotation
speed increases, the average particle size has a tendency of
first increase then decrease. It is interesting to note that the
average shape factor takes an opposite tendency. When the
rotation speed reaches 150 r/min, primary a-Mg phase has a
minimum average particle size of about 71 mm and the
average shape factor of solid particles reaches the peak
(about 0.57).ing under different cooling rates without stirring: (a) 0.122 C/s; (b) 0.245 C/s;
Fig. 6. Influence of cooling rate on the (a) solid volume fraction, (b) average particle size and average shape factor of solid particles.
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It is accepted that globular microstructure can be obtained
when a large number of solid grains are formed during the
early stages of solidification [16]. In the study, the relationship
between particle density and average particle size, average
shape factor of solid particles can be observed from Tables 1
and 2. It can be concluded that primary a-Mg phase is finer
and rounder with the increase of particle density. The main
reason is that if high density of solid particles is formed, they
will be limited space for growth as a result of the decrease
particles spacing. On the other hand, the probability of overlap
of diffusion fields of the adjacent particles increases which
leads to the decrease of concentration gradient in front of
solideliquid interface and increase of their interface stability
[17]. In this situation, solid particles have limited but more
stable growth, therefore the fine and non-dendritic structure is
formed.
The increase of cooling rate increases the particle density,
the average particle size reduces, but the average shape factor
decreases (see Table 3). The main reason is that solid particlesFig. 7. Quenched microstructures of the semi-solid slurry treated by rotating gas bu
min; (d) 90 r/min; (e) 120 r/min; (f) 150 r/min.are transmitted to everywhere because of the strong convection
caused by the rotating gas bubble stirring. High cooling rate
means the time for stirring reducing, which makes solid par-
ticles conglutinate together and be clustered in the liquid
matrix, thus resulting in the reduction of average shape factor.
Therefore, a conclusion can be drawn that semi-solid slurry
with fine and globular microstructure can be obtained if
numerous solid particles are formed and distribute uniformly
in the liquid matrix.
The numerous solid particles created under the rotating gas
bubble stirring treatment are mainly attributed to two reasons:
copious nucleation induced by chilling effect of gas bubbles
and dendrite fragmentation caused by the vigorous stirring.
First, the gas bubbles inserted into the slurry provide effective
heterogeneous nucleation sites. Rapid and continuous heat
extraction near these surfaces helps to remove the released
latent heat, consequently, allowing more nuclei to form. Sec-
ond, gas bubbles inserted into the melt take a spiral-like mo-
tion and a strong convention and weak stirring will be induced.
The vigorous stirring will provide significant temperature
disturbances or solute enrichment around the dendrite root,bble stirring under different rotation speed: (a) 0 r/min; (b) 30 r/min; (c) 60 r/
Table 2
Effect of rotation speed on the average particle size, average shape factor and
average particle density.






0 r/min 77 mm 0.51 5673/cm2
30 r/min 87 mm 0.49 5045/cm2
60 r/min 103 mm 0.44 3374/cm2
90 r/min 95 mm 0.46 4182/cm2
120 r/min 84 mm 0.50 5011/cm2
150 r/min 71 mm 0.57 7772/cm2
Fig. 8. Influence of rotation speed on the average particle size and average
shape factor of solid particles.
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arms from a “mother” dendrite. These are both responsible for
the multiplication of solid particles [18]. Then, the way how
the processing parameters of rotating gas bubble stirring
method affect the microstructures of AZ91-2Ca semi-solid
slurry can be explained.
1) With the gas flow rate increases, the heterogeneous
nucleation induced by gas bubbles and the effect of
dendrite fragmentation both are strengthened, conse-
quently, yielding a higher density of solid particles.
Therefore, the solid volume fraction will increase and the
finer and rounder the primary a-Mg phase will be.
2) The average particle size and average shape factor of solid
particles both reduce with the increase of cooling rate.
First, high cooling rate means the increase of under-
cooling, consequently increase the number of nuclei.
Second, during the early stage of processing, the melt
temperature is above the liquidus. The solid particles
induced by the chilling action of agitator will then be
remelted. Increasing the cooling rate will reduce the time
for remelting, which makes more solid particles survive.
They are both the cause for the formation of a high density
of solid particles. However, solid particles will congluti-
nate together and be clustered because of the stirring time
reducing, which makes the shape factor of solid particles
decrease.
3) Semi-solid slurry with more homogeneous micrographs
could be obtained by the rotating gas bubble stirring
method. This is mainly because under the treatment of gas
bubble stirring alone, only a weak convection could beTable 1
Effect of gas flow rate on the average particle size, average shape factor and
average particle density.





2 L/min 88 mm 0.47 3879/cm2
5 L/min 77 mm 0.51 5673/cm2
8 L/min 60 mm 0.57 9832/cm2induced [19]. If gas bubbles are introduced into melt
through the rotating agitator, a strong convection and weak
stirring could be induced. Therefore, solid particles
distribute more uniformly in the semi-solid slurry. When
the rotation speed increases, the average particle size first
increase and then decrease, the average shape factor of
solid particles takes an opposite tendency. The main
reason is that the effect of dendrite fragmentation can be
strengthened with the increase of rotation speed, resulting
in more solid particles to form. But under the rotating gas
bubble stirring treatment, sintering and coalescence of
solid particles also occur in the semi-solid slurry (see
Fig. 9). The increase of rotation speed makes the proba-
bility for sintering and coalescence increase, consequently,
the density of solid particles has a tendency of first
decrease then increase.
5. Conclusions
In the present work, the effect of rotating gas bubble stir-
ring treatment on the microstructures of semi-solid AZ91-2Ca
alloy was investigated, and the following conclusions can be
drawn:
1) The rotating gas bubble stirring has a significant effect on
the refinement and spheroidization of primary a-Mg par-
ticles during cooling and solidification process from the
temperature above liquidus to the temperature between
liquidus and solidus.
2) The size and morphology of primary a-Mg particles are
influenced significantly by the processing parameters of
rotating gas bubble stirring method. The viable process-
ing parameters for the rotating gas bubble stirring tech-
nique are the gas flow rate of about 5 L/min, the cooling
rate of about 0.245 C/s and the rotation speed of about
150 r/min.Table 3








0.122 C/s 77 mm 0.51 5673/cm2
0.245 C/s 70 mm 0.45 7175/cm2
0.320 C/s 60 mm 0.27 10,990/cm2
Fig. 9. Examples of sintered particles (circles indicate weld joints).
223J. Xu et al. / Journal of Magnesium and Alloys 1 (2013) 217e2233) Under the treatment of rotating gas bubble stirring, the
higher the particle density, the finer and rounder the pri-
mary particles. The numerous solid particles created by
rotating gas bubble stirring are attributed for two reasons:
copious nucleation induced by cooling effect of gas bub-
bles and dendrite fragmentation caused by the vigorous
stirring.
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